Background: The African Surgical Outcomes Study (ASOS) showed that surgical patients in Africa have a mortality twice the global average. Existing risk assessment tools are not valid for use in this population because the pattern of risk for poor outcomes differs from high-income countries. The objective of this study was to derive and validate a simple, preoperative risk stratification tool to identify African surgical patients at risk for in-hospital postoperative mortality and severe complications. Methods: ASOS was a 7-day prospective cohort study of adult patients undergoing surgery in Africa. The ASOS Surgical Risk Calculator was constructed with a multivariable logistic regression model for the outcome of in-hospital mortality and severe postoperative complications. The following preoperative risk factors were entered into the model; age, sex, smoking status, ASA physical status, preoperative chronic comorbid conditions, indication for surgery, urgency, severity, and type of surgery. Results: The model was derived from 8799 patients from 168 African hospitals. The composite outcome of severe postoperative complications and death occurred in 423/8799 (4.8%) patients. The ASOS Surgical Risk Calculator includes the following risk factors: age, ASA physical status, indication for surgery, urgency, severity, and type of surgery. The model showed good discrimination with an area under the receiver operating characteristic curve of 0.805 and good calibration with c-statistic corrected for optimism of 0.784. Conclusions: This simple preoperative risk calculator could be used to identify high-risk surgical patients in African hospitals and facilitate increased postoperative surveillance. Clinical trial registration: NCT03044899.
The African Surgical Outcomes Study (ASOS) 1 was designed to provide robust surgical outcomes data from Africa to help inform the Commission on Global Surgery. 2 The main findings of ASOS were that surgical patients in Africa are younger and mainly ASA physical status 1 or 2 patients, and yet are twice as likely to die after postoperative complications compared with the global average. The study suggested that postoperative care might be severely compromised by limited surgical resources, in terms of both personnel and facilities, to provide a safe postoperative environment for surgical patients in Africa. 1 The limited variation in postoperative morbidity and mortality across the African countries in ASOS 1 suggests that a continent-wide strategy to provide safer postoperative care could decrease surgical mortality in Africa. However, with limited resources available for postoperative care, a strategy is needed to focus care on those patients at greatest risk of severe complications and death. A simple, preoperative risk assessment tool might allow targeted postoperative surveillance in resource limited environments. For several reasons, existing simple risk scores have not been validated in an African context. The pattern of risk is very different for patients undergoing surgery in Africa. Compared with patients in high-income countries, the indication for and type of surgery are stronger risk factors, whilst age and ASA physical status are weaker risk factors. 1, 3, 4 Limited resources preclude the widespread use of biochemical and radiological tests, and even stable internet access limits the utility of some technologies for risk prediction. Furthermore, the African surgical population is much less diverse, perhaps enabling the use of a simpler, more pragmatic solution to risk prediction. 1, 3 There is a need for a simple African-specific bedside tool to assess perioperative risk amongst patients in African hospitals. The objective of this study was to derive and validate a simple, preoperative risk assessment tool to identify African surgical patients at risk of in-hospital severe complications and death.
Methods
This study is presented in accordance with the Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) recommendations for the derivation and validation of risk prediction models.
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Source of data and participants
The source of data was from ASOS. 1 The study design and patient recruitment have previously been described. 1 In summary, it was a 7-day, international, multicentre, prospective cohort study of patients !18 yr undergoing surgery in hospitals in African countries, and was registered on ClinicalTrials.gov (NCT03044899 undergoing elective and non-elective surgery with at least one planned postoperative overnight hospital stay were included during the recruitment week. We only included data that we considered representative of both country and hospital in order to limit bias. A representative country population sample was defined as participation from at least 10 hospitals (or at least 50% of the surgical centres, if less than 10 surgical centres in the country). From these countries, we only included data from representative hospitals that were defined as providing data on at least 90% of eligible patients during the study week. Data that fulfilled these criteria for a representative sample were used as the population and source data for the derivation model.
Outcome
The primary outcome of the main study was in-hospital complications, which was censored at 30-days for patients who were still in-hospital. 1 Complications were assessed according to predefined criteria and graded as mild, moderate, or severe. 6 The outcome for the model derivation was severe inhospital postoperative complications. The outcome of severe in-hospital complications was defined as a composite of mortality or complications defined as severe by Jammer and colleagues. 6 Definitions are shown in Supplementary Appendix 1.
Predictors
We included all available potential preoperative predictors of severe postoperative complications and death to develop the predictive model (Supplementary Appendix 2). Intraoperative and postoperative variables were not included as potential predictors, as the objective of this paper was to build a preoperative predictive model of postoperative outcomes.
Sample size and missing data
For all analyses, we performed a complete case analysis, excluding patients with missing data from the analysis. No imputation was performed. This was deemed acceptable because of the limited number of missing variables (<3%). 7, 8 The anticipated number of primary outcome events in this cohort exceeded the usual limitations related to overfitting 9 and warranted development of an appropriate predictive model using all preoperative predictors. 5 
Statistical analysis
We conducted a multivariable logistic regression analysis that included all the preoperative variables. Collinearity was evaluated by identification of a variance inflation factor; variables with a variance inflation factor >2 were excluded. Orthopaedic surgery was defined as the surgical reference category, as it included the largest number of patients. Age was first entered in the predictive model as a continuous variable using restricted cubic splines to fit a non-linear functional relationship with the primary outcome, and then as categorised ordinal variables (<30 yr, 30e49 yr, 50e69 yr, and !70 yr). As categorisation of age resulted in a mild decrease in the predictive performance (data not shown), but a simpler calculation for a preoperative risk calculator, age was subsequently entered as a categorical variable into the model. To further simplify the model and keep with the principles of a parsimonious model, 8, 10 types of surgery with similar predicted risk were aggregated into groups, and these groups were entered as risk predictors into the model. To develop the ASOS Surgical Risk Calculator, we rounded the regression coefficients to build an additive user-friendly score using methods previously described. 11, 12 To optimise the clinical relevance of the ASOS Surgical Risk Calculator, we defined that a one point increase in the score will represent an increase in risk of 30% (an odds ratio increase of 0.25) for the development of severe postoperative complications and death. We created risk groups of increasing severity based on an approximate doubling of risk per group by using an increase of three points per category (i.e. a 90% increase in risk, and an odds ratio increase of 0.75).
The performance of the predictive model was evaluated by discrimination and calibration. Discrimination was reported by the concordance statistic or c-statistic, where a value of 1 suggests perfect discrimination and a value of 0.5 suggests no discrimination. Calibration was assessed graphically by plotting the observed outcome against the predicted probability. A smooth, non-parametric calibration line was created with the locally weighted scatterplot smoothing (LOESS) algorithm to estimate the observed probabilities in relation to the predicted probabilities. 5, 7 We then plotted: i) ideal calibration (a hypothetical perfect predictive model with the diagonal crossing the origin of the plot (0;0) with a slope of 1); ii) apparent calibration (the comparison between the predicted probabilities from the derived model, with that observed in the study population); and iii) bias corrected calibration (or bootstrapped calibration), on the same figure to provide a qualitative evaluation of the model calibration. To internally validate the model, optimism corrected performances were calculated. To calculate the optimism corrected performances, 400 bootstrap samples of the study population were conducted, and the difference between the performances in each bootstrap sample and those observed in the original full study population were calculated. The average of the differences, known as the optimism, was then subtracted from the performances observed in the full study population to create optimism corrected performance estimate. When necessary, categorical variables were compared using Fisher's exact test. Continuous variables were tested and confirmed for normality, and therefore summarised using mean (standard deviation) and compared using t-tests. Statistical analyses were performed using SPSS version 24 (SPSS Inc., Chicago, IL, USA) and R statistical software package version 3.4 (R Foundation for Statistical Computing, Vienna, Austria).
Results

Participants
From the 11 422 patients recruited in ASOS, 8799 (77.0%) met the predefined representative criteria from 168 hospitals in 11 Figure 1 .
Patient characteristics and outcomes
Patient characteristics and their unadjusted association with the primary outcome of in-hospital severe complications and death are shown in Figure 2 . The ASOS Surgical Risk Calculator for severe postoperative complications is shown in Table 2 with the observed outcomes per risk group and the points for each risk factor present. A single point increase represents an increase in relative risk of 30% (relative risk 1.3 or an odds ratio increase of 0.25). The observed outcomes for each individual risk score observed in the derivation population are shown in Supplementary  Table 3 . The frequencies of the ASOS Surgical Risk Calculator scores and their observed severe complications and death are shown in Supplementary Figure 1 . The receiver operating characteristic curve for the internal validation is shown in Supplementary Figure 2 . The ASOS Surgical Risk Calculator and observed outcomes based upon three-point risk groups 
Discussion
The ASOS Surgical Risk Calculator is a simple preoperative risk stratification tool that provides good discrimination and calibration for prediction of in-hospital mortality and severe postoperative complications. Because of the low-risk profile of surgical patients in Africa, 1 the predictors of major postoperative morbidity are driven predominantly by surgical risk factors (indication, urgency, severity, and type). The risk calculator does not require any special investigations, and so can be applied to every adult surgical patient. Finally, the score can be calculated and presented simply on a card, and therefore does not require a computer or internet access to implement. This risk assessment model could be used in preoperative clinical decision-making in order to identify patients at increased postoperative risk. This would allow for informed decisions concerning appropriate postoperative care and human resource allocation.
Limitations
Fourteen countries did not provide representative data in ASOS, and so were not used as source data for this derivation model. This could compromise the generalisability of the ASOS Surgical Risk Calculator in those countries. Furthermore, although there was participation of 25 African countries, this is still less than half of the countries in Africa, and therefore generalisability of this model to those unrepresented countries might be inappropriate. However, as the risk-adjusted analyses conducted on the ASOS cohort suggested that the poor surgical outcomes were fairly consistent across African countries, 1 we believe that use of the source data that were considered to be 'representative' in ASOS would have less selection bias than use of the entire cohort, and would therefore provide a more reliable risk prediction model for Africa. A further limitation is that South Africa contributed 5318 (60.4%) of cases to the derivation model. The model has strong internal validation, through bootstrapping and cross-validation. Unfortunately, no appropriate dataset for the primary outcome was available for external validation. We are confident, however, that there is little overfitting in this model. Model overfitting could arise when the number of events is small when compared with the number of predictors in the risk model, which was not the case in the development of the ASOS Surgical Risk Calculator. 9 Therefore, we do not expect this model to demonstrate the characteristics of overfitted models, where the probability of an event tends to be underestimated in lowrisk patients and overestimated in high-risk patients. 7 Furthermore, the limited data collected in ASOS did not allow us to validate established risk scores, such as the Surgical Outcome Risk Tool (SORT), in this African surgical population. 4 Interpretation ASOS provided an insight into the difference in predictors of postoperative morbidity and mortality in Africa when compared with other cohorts. 1, 3 The low-risk profile of the African patients would suggest that both the patient characteristics included as predictors in a model and the risk associated with these predictors should be lower in the African cohort. Furthermore, because of the limited human resources to provide care, it is likely that surgical procedures that carry higher risk for postoperative complications might be disproportionately associated with increased mortality because of increased 'failure to rescue'. These hypotheses are supported when comparing the ASOS Surgical Risk Calculator with the SORT. 4 Although the risk predictors are similar in the two models, because of the lower morbidity of the African surgical patients, cancer is not independently associated with risk in Africa, as it is in SORT. 4 Secondly, when comparing the relative risk for surgical risk factors against the risk associated with the ASA categories for both models, patients in the African cohort carry a relatively higher risk associated with major surgery and higher risk surgical types. It is not surprising, therefore, that the performance of the ASOS Surgical Risk Calculator appears to be at least equivalent or better than the SORT model for predicting severe postoperative complications in the African cohort. 13 This provides some justification to consider adoption of the African Surgical Risk Calculator in Africa.
Implications
The ASOS Surgical Risk Calculator might be used to identify high-risk patients at greatest need of enhanced postoperative surveillance. The use of the ASOS Surgical Risk Calculator in further studies will be needed to provide external validation. There is also the need to conduct an Table 3 Severe postoperative complications for each risk group of the African Surgical Outcomes Study (ASOS) Surgical Risk Calculator observed in the derivation cohort. Data presented as n (%). Severe postoperative complications were defined as a composite of inhospital mortality and all postoperative complications defined as severe in the consensus statement by Jammer and colleagues. 6 The incidence of severe complications in the full cohort was 423/8799 (4.8%, 95% confidence interval 4.4e5. 
Conclusions
Morbidity and mortality after surgery are significant in Africa, and these poor outcomes appear to be consistent across many African countries. 1 The difference in the patient profile and the resources available for care of the surgical patient in Africa suggests that a specific African risk prediction tool is warranted. The ASOS Surgical Risk Calculator is simple and potentially universally applicable for adult surgery in Africa. It is hoped that this tool might help identify patients at risk of severe postoperative complications in this limited resource environment.
